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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 
The marine Ikka Fjord in Greenland is well known for its remarkable submarine columns made of the cold-carbonate ikaite 
(CaCO3ꞏ6H2O). Here, natural processes lead to fast-precipitating ikaite at low temperatures (< 10°C) when carbonate-bearing 
groundwat r seeps through fractures in Ikk  Fjord and mix s with seawater. Within an area of 0.75 km2, 678 columns of 1 – 20 
meters height have been registered, continuou ly growing at rates measured at 50 cm per year. Understanding this nat ral system 
is of importance for arbon capture and storage efforts as it represents a very efficient method for carbon mine al storage in cold 
seawater. 
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1. I t oduction 
Ikka Fjord in southwest Greenland (Fig. 1) has been subject to extensive research since 1995 due to the presence 
of close to a thousand submarine columns in the shallow inner part of the fjord. The tallest of these structures are 18–
20 m high and have an average diameter of 0.5–1 m. (Fig. 2). At low tide the tips of the tallest columns can be seen 
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1. Introduction 
Ikk  Fjord in s uthwest Greenland (Fig. 1) has been subject to extensive research since 1995 due to the prese ce 
of close to a thousand submarine columns in the shallow inner part of the fjord. The tallest of these structures are 18–
20 m high and have an average diameter of 0.5–1 m. (Fig. 2). At low tide the tips of the tallest columns can be seen 
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through the water surface as massive white structures. Being striking statuesque features, the columns were described 
by the Inuit as “frozen Norse people”, evoking the memory of the Norse who lived in Ikka Fjord in the Late Middle 
Age and who were drowned after being chased out on the ice during a conflict with the Inuit [1]. Pauly was the first 
to publish a scientific description of the columns [2] and to also identify that the columns were made of a new mineral 
ikaite (CaCO3ꞏ6H2O). This first discovery of natural ikaite has since been followed by a number of other findings in 
marine, lacustrine, estuarine, and freshwater environments, at near-zero temperatures. The most recent discoveries 
concern ikaite growth in sea ice in the Arctic, and around Antarctica [3,4] and represent the first discovery of a calcium 
carbonate phase in sea ice. Ikaite is a metastable phase at all conditions found on Earth [5] and is observed to break 
down into other hydrous and anhydrous CaCO3 phases when it is destabilized by dehydration, i.e. through heating 
[6,7,8]. 
 
 
 
Fig. 1. Map of the Ivittuut area in southwest Greenland with zoom in on Ikka Fjord where all red dots mark the ikaite columns, and A and L mark 
locations where groundwater was sampled by drilling syringes into the columns. Modified from Stockmann et al. [9]. 
Thus far the research carried out in Ikka Fjord and its surroundings has focused on: the formation mechanism of 
the ikaite columns; their distribution within the fjord; and the description of the remarkable biological life that inhabits 
both the exterior and interior of the column structures as seen in Fig. 2. Recently, new research, within the project 
presented here and building on the studies of natural ikaite deposits, has begun exploring the potential of ikaite 
precipitation as a method for carbon mineral sequestration. The natural system of ikaite precipitation in Ikka Fjord 
takes place in seawater at low temperatures (< 10°C) and very high precipitation rates. This suggests that such a 
process could be developed into a low temperature carbon mineral sequestration method: an attractive prospect from 
an energy and resource point of view. No external heating is required during ikaite formation, which in fact is most 
effective in cold seawater. When ikaite becomes unstable, more stable calcium carbonate phases are formed with no 
net loss of carbon. 
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Fig. 2. Photos: Richard Martin. Ikaite columns in Ikka Fjord, SW Greenland (a) “the Viking helmet” column; (b) a diver for scale between a smaller 
column and one of the 20 m tall columns; (c) “The Twin Towers”, a cluster of 18-20 m tall columns. 
2. Methods and materials 
Since the beginning of the “Ikka project” in 1995, around 10 scientific expeditions to Ikka Fjord have taken place 
with participation of biologists, geophysicists, geographers and geologists. In addition, divers have played an 
important part as most of the fieldwork was carried out under water around the columns. With the help of the divers, 
pieces of columns and specimens of the macro fauna and flora that inhabit the columns were sampled. Selected 
columns and their interior environment were monitored for pH, O2 and salinity over longer time periods by electrodes 
drilled into the columns. Short-term in situ profiling and diurnal measurements assessing the internal dynamics of 
physicochemical parameters, O2, pH and light combined with photosynthetic activity measurements revealed a very 
active endolithic phototrophic community situated in gradients of extreme microenvironmental conditions. The divers 
also managed to drill syringes into the columns, to extract fluid from their interiors. The column fluids were measured 
for pH, temperature, salinity and alkalinity immediately after the divers brought them on land. Seawater samples from 
different depths in the water column were also sampled and measured for comparison. 
Different geophysical methods (echo-sounder bathymetry, side-scan sonar imagery and pinger sub-bottom 
profiling) were employed in the early years of the Ikka project in order to map out and count the column growths in 
Ikka Fjord. Whilst some 678 individual columns were mapped, these represent only those resolvable in the geophysical 
data and many more are known to exist from diver-made observations. Nevertheless, these early maps gave insight 
into the spatial distributions of the columns on the fjord-bed, and suggested that their distribution is governed by 
certain features in the fjord such as their proximity to the Grønnedal-Íka igneous complex, the bedrock fracture 
systems and the sedimentary cover over the bed of the fjord. 
Bacteria, enzymes, algae and DNA were extracted from the collected column pieces following the fieldwork 
phases. Also, a large number of cyanobacteria and diatom isolates were obtained from collected ikaite material, and 
kept in cultures. Molecular work on environmental samples obtained at various depths into the walls of ikaite columns 
showed distinct zonation of different phototrophic groups. Stratification of phototrophs, diatoms and cyanobacteria, 
was further confirmed and resolved by fluorescence imaging of specific functional marker pigments on column cross 
sections. Scanning Electron Microscopy (SEM) imaging of ikaite material containing phototrophic microbes showed 
a large amount of exopolymeric substances (EPS), adhering phototrophs and ikaite crystal together in the column 
matrix. 
Water samples from numerous springs surrounding Ikka Fjord and lakes located within the Grønnedal-Íka igneous 
complex (Fig. 1) were collected and measured in situ for pH, temperature and conductivity. Furthermore, all fluids 
a  b  c 
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sampled from the columns, seawater, springs and lakes were analyzed for major cations and anions, ∂18O, and ∂D, 
and selected samples for 87Sr/86Sr. Isotopic studies of the ikaite column samples included ∂18O, ∂D, ∂13C, and 14C for 
dating.  
Representative rock samples of carbonatites and nepheline syenites from the Grønnedal-Íka igneous complex (Fig. 
1) were collected both from surface exposures and from drill cores taken in 1950 by Kryolitselskabet Øresund A/S. 
Thin and thick sections were prepared from these samples and studied with the aim of identifying and characterizing 
the fluid-rock reactions that take place within the complex. Petrographic information was acquired by conventional 
and cathodoluminescence microscopy. Major and trace element chemistry of calcite, siderite, magnetite and ankerite 
in the carbonatite samples was determined in situ by electron-probe microanalysis (EPMA) and laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS). 
Finally, a series of laboratory experiments were carried out to simulate the ikaite precipitation that is taking place 
in Ikka Fjord and to determine the geochemical parameters that control ikaite precipitation. The design of these 
experiments is shown in Fig. 3 with mixing of two solutions in equal volumes at a specific flow rate. One solution 
carried 0.03 M CaCl2 or seawater of different sources, either natural or synthetic, whereas the other solution contained 
0.1 M NaHCO3 and 0.1 M Na2CO3 in different ratios leading to pH 9.9-10.6 (20°C). Identical experiments were 
carried out at 5, 10, 15 and 20°C to determine the upper temperature limit for ikaite formation. The remainder of the 
experiments were carried out at 5°C either by use of cooling baths or in a 5°C cooling room. Precipitates from the 
mixed solution were analysed by X-ray diffraction (XRD) for mineral identification, and Rietveld analysis were 
applied to all XRD results to obtain quantitative numbers for the phases present. 
 
Fig. 3. Experimental setup for the ikaite precipitation experiments using cooling baths. Modified from Stockmann et al. [9]. 
3. Results and discussion 
Pauly, in his 1963 paper, had already suggested that the ikaite columns formed over carbonate-bearing springs 
issuing from the bottom of Ikka Fjord and that they were closely correlated with the outcrops of the Grønnedal-Íka 
igneous complex [2] as seen in Fig. 1. This alkaline complex belongs to a suite of rocks associated with the continental 
breakup of South Greenland, also known as the Gardar Rifting Event (GRE), at approximately 1300-1100 Ma [10,11]. 
The complex comprises mainly nepheline syenites in two outer rings, and Ca- and Fe-rich carbonatites in a central 
plug, which were later cut by several dikes and exposed to faulting, but has otherwise not endured any major tectonic 
or metamorphic alteration [11]. Seaman and Buchardt reported finding 678 columns taller than 1 m, and an unknown 
number of smaller columns, in an area of 0.75 km2, more or less within the borders of the Grønnedal-Íka igneous 
complex and preferentially following fracture zones in the fjord [12]. The isotopic studies of the fluid extracted from 
the columns and the ikaite pieces confirmed the theories of Pauly [2]. The ∂18O and ∂D values of the column fluids 
matches the ∂18O and ∂D values of meteoric water falling on top of the 500 m tall Grønnedal-Íka igneous complex. 
This suggests that meteoric water percolates from the top of the Grønnedal-Íka igneous complex through highly 
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fractured nepheline syenitic and carbonatitic rocks, undergoing water-rock interactions and creating the groundwater 
that seeps up through fractures in the Ikka Fjord seabed [13,14]. This groundwater, as extracted from the columns, 
was shown to have a low salinity of 9, a high alkalinity of 121-179 meq/kg, and a high pH of 10.2-10.5 at in situ 
temperature [13,14]. The column water has a high concentration of Na+, whereas concentrations of Ca2+, Mg2+, K+, 
SiO2 and all other major anions were low. Selected results are listed in Table 1 together with the chemical analysis 
results of seawater and spring water from Ikka Fjord. 
Table 1. Chemistry of spring water, groundwater and seawater from Ikka Fjord. Modified from Buchardt et al. [14]. 
 Spring water, carbonatite Groundwater from columns Seawater 
Temperature (°C) 4.2 3.6 4.0 
pH (in situ T) 8.2 10.2 – 10.5 8.1 
Salinity 0 9 32.5 
Alkalinity (meq/kg) 2.4 121 – 179 2.1 
Na+ (mmol/kg) 0.11 198 437 
Ca2+ (mmol/kg) 0.96 0.17 8.83 
Mg2+ (mmol/kg) 0.14 1.69 45.7 
SiO2 (mmol/kg) 0.054 b.d. 0.02 
Sr2+ (mmol/kg) 0.029 0.007 0.1 
σ-PO43- (mmol/kg) b.d. 0.09 – 0.26 0.0001 
δD‰, VSMOW -97.3 -95.7 -14.2 
δ18O‰, VSMOW -13.10 -13.42 -1.13 
87Sr/86Sr  0.7029* 0.7092 
  b.d.: below detection, *calculated for seawater-uncontaminated groundwater in Buchardt et al. [14]. 
 
The measured 14C activity of the ikaite column pieces was low (13-17% modern) and assumed to stem from 
biological material inside the columns. In combination with the high alkalinity of the groundwater, this led to the 
conclusion that the carbonate ions entering the ikaite structure originate from dissolving carbonatites in the Grønnedal-
Íka igneous complex [13,14]. These carbonatites are to a large extent søvites, i.e. coarse-grained calcite-dominated 
carbonatites, but in certain areas also seen to be unusually Fe-rich with siderite and ankerite present [11,15,16]. As 
the column groundwater was observed to be enriched in Na+ and carbonate, but contain only very low concentrations 
of Ca2+, new studies are now looking into the fluid-rock reactions in the Grønnedal-Íka igneous complex to explain 
the chemistry of this groundwater.  
The 87Sr/86Sr value of ikaite (0.70916) is very close to the 87Sr/86Sr value of seawater (Table 1), and very different 
from those of the carbonatites (e.g., 0.70286). Hence, a seawater source was suggested for the Ca2+ entering the ikaite 
structure [13,14]. This promoted a model in which the ikaite columns are formed by mixing of groundwater with 
seawater that in turn leads to ikaite precipitation. As the issuing groundwater has a much lower salinity (and therefore 
lower density) than the surrounding seawater into which it flows, the columns grow upwards [13,14]. Indeed, when 
the divers cut or drilled into columns, the growth of new ikaite was seen instantaneously. Column growth rates of 40-
50 cm/year were calculated from year on year measurements of fresh ikaite growth from cut columns [13,14]. 
Laboratory experiments simulating Ikka Fjord confirmed the model of groundwater-seawater mixing leading to ikaite 
precipitation. The results showed that ikaite forms when mixing a sodium carbonate solution of pH 9.9-10.6 with 
seawater, independent of whether the seawater source is natural or synthetic [9]. Ikaite was the main or only phase 
forming in experiments carried out at 5°C, whereas increasing amounts of nesquehonite (Mg(HCO3)(OH)ꞏ2H2O) and 
an amorphous phase co-precipitated at 10 and 15°C. At 20°C, only the amorphous phase was present, most likely 
amorphous calcium carbonate (ACC) [9]. 
When performing PhreeqC geochemical modelling of both the real water mixing in Ikka Fjord and of the laboratory 
experiments, it was seen that not only ikaite was saturated, but also calcite, aragonite, vaterite, monohydrocalcite and 
several Mg carbonates [9]. In the beginning of the Ikka project, it was assumed that, as orthophosphate is a well-
known inhibitor of calcite [17,18], the presence of orthophosphate ions in the groundwater was the cause for ikaite 
precipitation in Ikka Fjord (see Table 1). However, the results of Stockmann et al. showed that the presence of 
phosphate ions was not mandatory to make ikaite precipitate as long as seawater was one of the mixing solutions [9]. 
On the other hand, when seawater was replaced with a 0.03 M CaCl2 solution to achieve ikaite saturation, calcite 
precipitated instead of ikaite unless either orthophosphate or Mg2+ ions were added [9]. Nielsen et al. found Mg2+, 
SO42- and MgSO40 ions in seawater to be effective inhibitors of calcite growth, especially when all three ions were 
present [19]. In experiments simulating ikaite precipitation in sea ice it was seen that when the ikaite precipitation was 
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taking place in seawater or at high pH (11), no phosphate was needed to inhibit calcite growth [20,21,22]. These 
authors suggested the Mg2+ and SO42- ions in seawater favour ikaite precipitation and inhibit calcite [19,20,21], 
supported by the results of Nielsen et al. [19]. The hypothesis concerning the role of Mg2+ and SO42- ions’ in the 
precipitation of ikaite was tested in laboratory experiments, the results of which are presently in a manuscript, accepted 
for publication, but has not yet been published [23]. 
Another important factor controlling ikaite precipitation is the relative degree of saturation with respect to ikaite, 
calcite and other CaCO3 phases. When solutions are supersaturated with respect to all hydrous and anhydrous CaCO3 
phases, ikaite precipitation is favoured [9,24]. In fact, in general supersaturated solutions are seen to favour 
precipitation of metastable phases [25], and ikaite is always present as a metastable phase [5]. Kinetic factors make 
ikaite precipitation favourable over all the other thermodynamically stable calcium and magnesium carbonates in a 
seawater environment at low temperatures (< 10°C), e.g., due to the ion speciation of the solution related to the degree 
of saturation (Fig. 4), and the solubility of ikaite at low temperatures [9]. Opposite to all other CaCO3 phases, ikaite 
becomes less soluble with decreasing temperature, and therefore ikaite precipitation is favoured by low temperature 
[6]. 
The geochemical modelling results of ion speciation when mixing groundwater with seawater in Ikka Fjord, is 
shown in Fig. 4. This depicts the dominant Ca ion species to be CaCO30, when mixing solutions up to 60% groundwater 
with 40% or less seawater. The CaCO30 ion in solution surrounded by H2O molecules resembles the ikaite structure, 
and it is therefore likely that minimal energy is required by the system to precipitate ikaite [9,14]. What can also be 
seen from Fig. 4, is the much higher [Mg]tot compared to [Ca]tot, which suggests that Mg carbonates could potentially 
form. However, XRD results confirm the ikaite columns and the ikaite from the experiments at 5°C to be either pure 
ikaite or ikaite with trace amounts of other carbonates (e.g., nesquehonite, calcite, aragonite, and vaterite) [9,13,14]. 
Thus, the conditions found in Ikka Fjord today do not favour Mg carbonate formation, but if seawater temperature 
was to increase, hydrous Mg carbonate phases like nesquehonite could become more favourable [9]. 
 
 
 
Fig. 4. Ion speciation distribution of groundwater-seawater mixing in Ikka Fjord. Modified from Stockmann et al. [9]. 
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A harsh Arctic environment at Ikka Fjord, dominated by strong waves at times, large tidal shifts and extensive sea 
ice coverage in the winter, has induced some speculation as to how the relatively fragile ikaite columns can be so well-
preserved? Whereas, calcite sits on saturation in pure Ikka Fjord seawater, ikaite is in fact undersaturated and should 
therefore theoretically dissolve [9], but it clearly does not. Trampe et al. found that cyanobacteria and diatoms are 
inhabiting the interior outermost 2-3 cm of the ikaite columns and covering the ikaite crystals together with secreted 
EPS, creating microbial biofilm, as seen on Fig. 5 [26,27]. From their studies, these authors suggested that the bacterial 
biofilm could in fact be producing a “glue” that enforces the connection between ikaite crystals, and are crucial for 
the large ikaite structures seen in Ikka Fjord [26,27]. Microorganisms and biofilms have been investigated as part of 
carbon capture and storage (CCS) studies for their role in enhancing the rate of capturing carbon [28,29,30]. Therefore 
they are also of interest for the ikaite precipitation mechanism, which is currently being explored in new experiments. 
 
 
Fig. 5. Image: Erik Trampe. Cryo Scanning Electron Microscopy (SEM) image showing ikaite crystals (light yellow) covered with cyanobacteria 
(green), bacterial cells (pink) and collapsed biofilm/exopolymeric material (EPS) in grey. Scalebar represents 25μm. The colors are imposed on the 
image in Photoshop. Modified from Trampe et al. (2017) [26]. 
At present, a main obstacle for using ikaite for industrial carbon mineral storage is the high pH needed for ikaite 
precipitation. The findings of laboratory experiments carried out thus far by different research groups’ [9,20,21,22,31] 
indicate that ikaite precipitation is favoured at a pH above 8-9. Purgstaller et al. succeeded in forming ikaite at 
conditions as low as pH 8.3 through mixing various (Ca,Mg)Cl2 solutions with a 0.1 M NaHCO3 solution at 
temperatures of 6 and 12°C [31]. They also showed that when transforming, ikaite ended up as one of the three CaCO3 
polymorphs depending on the [Mg2+]/[Ca2+] ratio of the reactive solution and on the temperature difference between 
the temperature of ikaite formation and that of transformation under air exposure. The largest temperature difference 
(∆T=19°C) led to the transformation of ikaite into calcite-vaterite mixtures under air exposure, whereas a smaller 
temperature difference (∆T=13°C) led to pure calcite [31]. At a [Mg2+]/[Ca2+] ratio ≥ 14 in solution, ikaite crystals 
kept in this solution at 20°C was transformed into aragonite due to excess aqueous Mg2+ ions inhibiting calcite and 
vaterite formation [31]. 
From experimental work related to the CarbFix project in Iceland [32], it is known that when dissolving CO2 gas 
in seawater instead of groundwater, more seawater is needed for the dissolution of CO2 [33]. This leads to a CO2-
charged solution of low pH and in order to reach favourable ikaite precipitation conditions, the solution pH has to 
increase significantly. However, knowing that ikaite can form naturally not only in Ikka Fjord but also in sea ice means 
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there is a chemical reaction where seawater is interacting with the carbon system of the ocean-ice-atmosphere leading 
to ikaite precipitation [3,4,34]. More experiments are therefore called for to understand these naturally occurring 
carbonate-forming processes at low temperature.  
4. Conclusion 
The mineral ikaite has been shown both by observations in nature and from laboratory experiments to precipitate 
readily and instantaneously when mixing a carbonate-bearing solution with cold seawater. Ikaite is favoured by low 
temperature (< 10°C), a high degree of supersaturation with respect to calcium carbonate phases, pH > 8-9, and by 
possibly Mg2+, SO42- and MgSO40 ions in seawater acting as inhibitors of calcite growth. Even when a multitude of 
Ca and Mg carbonate minerals are saturated, metastable ikaite is often seen as the only carbonate phase forming, 
illustrating the low energy needed of a system to precipitate this mineral. When becoming unstable at higher 
temperatures, ikaite breaks down into one or more of the CaCO3 phases, calcite, aragonite, or vaterite, but without 
losing its carbonate content. Hence, ikaite could potentially offer an effective CCS method in a cold seawater 
environment. 
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